Abstract: We propose a quasi-distributed sensing system using optical spectrum-limited chaos for strain measurement with a high spatial resolution of locating. An optical bandpass filter is programmed in accordance with each sensor to implement the intensity demodulation of multiple chirped fiber Bragg gratings (FBGs). A cross-correlation algorithm is adopted in this sensing scheme. Consequently, strain sensing and locating can be simultaneously demodulated by the relative amplitude change (RAC) and time delay of a certain cross-correlation peak. Meanwhile, fiber fault monitoring can also be implemented by the cross-correlation algorithm, and an additional optical passband is reserved for sufficient breakpoint testing optical power. The proof-of-concept experiment demonstrates that the strain sensitivity reaches 0.12% RAC/"", and the spatial resolution is up to 3.3 cm. Finally, the performance of fiber fault monitoring is also demonstrated.
Introduction
Fiber Bragg grating (FBG) sensors have attracted considerable attentions in sensing applications for their intrinsic advantages, such as compactness, immunity to electromagnetic interference, erosion resistance, and good compatibility [1] . So far, owing to mature fabrication techniques, FBGs are playing important roles in various sensing systems, which include identical ultra-weak FBGs based wavelength division multiplexing (WDM) [2] , [3] and time division multiplexing (TDM) [4] , [5] sensing network, wavelength-swept fiber laser [6] , and microwave technique [7] based sensing schemes, etc. To comply with the development of large capacity, high precision, and long distance, optical fiber sensing systems always possess a relatively sophisticated structure with plenty of sensors, large coverage area and intricate sensing fiber lines. Therefore, the abilities of precisely locating each sensor and the easy maintenance of sensing system are needed to improve its survivability in practical applications.
Recently, optical chaos has been applied on remote ranging [8] , fiber fault detection [9] - [11] and regulation of laser's coherent length [12] . Fiber fault can be pinpointed by the crosscorrelation algorithm between Fresnel reflection signal of the breakpoint and reference signal. As chaotic signal does not interfere with each other, it can also be a promising candidate for a FBG based quasi-distributed sensing system. Moreover, compared with typical/weak FBG, the CFBG with wider bandwidth and stronger reflectivity possesses higher reflection power [13] , which makes it more applicable for grating intensity demodulation for improving the dynamic range and sensitivity of the measurement.
In this paper, we propose an optical spectrum-limited chaos and CFBG based quasidistributed strain sensing system. The intensity demodulation is implemented by the OBPF programmed in accordance with each sensing CFBG. The wavelength shift induced by changed strain can be translated into the variation of the reflection optical power. Moreover, crosscorrelation algorithm is applied to the reference and probe chaotic signal. Strain sensing and precise locating can be demodulated by the time delay and amplitude change of the crosscorrelation peak, respectively. A proof-of-concept experiment with three CFBGs deployed in one sensing fiber line is conducted to demonstrate the proposed strain sensing system. Finally, the fiber fault monitoring is also implemented, which makes it a more functional scheme.
Experimental Setup and Operation Principle
As depicted in Fig. 1 , the experimental setup consists of spectrum-limited chaotic light source, sensing fiber line and demodulation devices. A semiconductor optical amplifier (SOA) based ring cavity provides broadband chaotic light, where the isolator and polarization controller are used to ensure unidirectional propagation and appropriate polarization state, respectively. An erbium doped fiber amplifier (EDFA) acts as a pre-amplifier for sensing power boost, and an OBPF (Waveshaper, FINISAR) slices optical broadband chaos into a multi-channel one in accordance with the sensing CFBGs, which is the so-called spectrum-limited chaos. Then, the spectrum-limited chaotic light is divided into probe and reference light by a 99 : 1 coupler. Through a circulator, the probe light is launched into the sensing fiber line. After the reflection of each sensing CFBG, the feedback probe light and the reference light are detected by the demodulation devices, which include two avalanche photon detectors (APDs, 1.1 GHz), an optical spectrum analyzer (OSA), a real-time oscilloscope, and a set of data processing system. The CFBGs deployed in the fiber line possess different wavelengths with 5 mm grating length, $20 dB reflectivity and $100 GHz bandwidth. It should be noted that the bandwidth of each CFBG is selected as a tradeoff result between the multiplexing capacity and the dynamic range.
In order to elucidate the operation principle, we take the case of three CFBGs deployed in the sensing fiber line as an example. The optical spectrum, time series, radio frequency (RF) spectrum and auto-correlation spectrum of the spectrum-limited chaos are respectively shown in Fig. 2(a)-(d) . Three pass bands with 100 GHz bandwidth are filtered to act as the sensing window, which matches the distinct CFBG for intensity demodulation, and a protective bandwidth of 100 GHz between the adjacent pass bands is also utilized to eliminate the crosstalk in the process of the CFBG intensity demodulation. Meanwhile, a 300 GHz pass band is reserved to be the breakpoint testing window. This window provides sufficient optical power for real-time fiber fault monitoring. In addition, the time series possesses a random up-and-down waveform. Limited by the response bandwidth of the APD, the RF spectrum below 3 GHz can be only recorded, which could actually extend to several gigahertz. Moreover, the auto-correlation spectrum of the spectrum-limited chaos possesses sharp function shape. As shown in Fig. 3(a) , wavelength shift of the CFBG caused by strain can change the overlap between the sensing window and the feedback optical spectrum of each sensing CFBG, resulting in the power variation of the probe light. Consequently, the wavelength shift of each CFBG is converted to the optical power change. The optical power as a function of strain is presented in Fig. 3(b) . From 80 "" to 880 "", a linear response with an excellent linearity of R 2 ¼ 0:999 is obtained. The slope ' of linear fitting denotes the relationship between the optical intensity change ÁI and strain change Á", which is constant for each sensing CFBG. It implies that this CFBG intensity demodulation scheme is feasible. In our previous work [11] , fiber breakpoint locating was achieved by monitoring the crosscorrelation peak, which is calculated by cross-correlation algorithm between the reflected signal of breakpoint and the reference signal. For this CFBG based sensing system, the reference signal light is defined to be X ðt Þ, so the probe signal light reflected by sensing CFBGs can be expressed as X ðt À (Þ, where ( is the time delay of the probe light. Á" and ' correspond to the strain change applied on each CFBG and aforementioned slope, respectively. The crosscorrelation spectrum can be defined as
The distance of each sensing CFBG can be calculated by c(=ð2nÞ, where c and n are the light speed in vacuum and the fiber refractive index. For the optical power of reference signal light and slope ' are both constant, the intensity of Ið(Þ is linearly determined by the strain change Á" applied on each CFBG. Therefore, the strain measurement can be achieved through monitoring amplitude change of the correlation peak. Indubitably, we can apply cross-correlation demodulation scheme to the proposed CFBG quasi-distributed strain sensing system. The time delay provides precise locating of the CFBGs, and the amplitude change responds to the strain measurement. Meanwhile, fiber fault monitoring can be also achieved.
Experiment and Discussions
The experiment is conducted with three CFBGs (FBG1, FBG2, FBG3) deployed in a fiber line to demonstrate the proposed sensing scheme. A micro-displacement platform is utilized to translate displacement to changed strain for the sensing CFBGs. The cross-correlation spectra free of strain (black solid line) and with strain applied (red solid line) are simultaneously plotted in Fig. 4 . Different CFBGs can be distinguished due to their different positions in the crosscorrelation spectrum. When strain is applied on the sensing CFBGs, the amplitudes of corresponding cross-correlation peaks decrease. It derives from the mismatch between the feedback pass bands of CFBGs and the sensing window, which is caused by the wavelength shift of the sensing CFBGs. Besides the strain variation, we can also obtain precise locating of each CFBG from the cross-correlation spectrum. The spatial resolution can be identified by the full-width at half-maximum (FWHM) of the auto-correlation peak according to 3-dB criterion [14] , and the FWHM is related to the bandwidth of the chaos. The bandwidth of the spectrum-limited chaos exceeds the 1.1-GHz response bandwidth of the APD. It implies that the chaotic signal is low pass filtered by the APD. As a result, the spatial resolution of 3.3 cm is obtained as shown in Fig. 5 , which is actually limited by the APD. High spatial resolution can reduce the deployment distance between adjacent CFBGs. Afterwards, we investigate the response of amplitude change to strain in detail. The cross-correlation spectra with increasing strain applied on CFBG1 and CFBG2 are depicted in Fig. 6(a) , where CFBG3 free of strain acts as a reference to compensate the fluctuation of the chaotic average optical power and the temperature variation. Then, the cross-correlation peak amplitude of CFBG2 observed as a function of strain is shown in Fig. 6(b) with a measurement step of 80 "". A linear response from 80 "" to 880 "" is obtained with strain sensitivity of 0.12% RAC="" and R-square of 0.999. A dead zone of the strain measurement exists due to the slight mismatch between the optical spectra of the sensing window and the CFBG free of strain. The RAC fluctuation of CFBG3 acting as the reference is also plotted here, which is less than 0.013 RAC. It implies that the minimum detectable quantity is 0.013 RAC in the correlation spectrum. Therefore, the strain resolution of the sensing system is about 10.8 "". Note that the average optical power stability of the spectrum-limited chaos and the characters of the APD are the dominant limited factors of the strain resolution. Moreover, the measurement results indicate that linear dynamic range is limited by the bandwidth of CFBG and its matching degree with the sensing window. In order to obtain a larger dynamic range, the CFBG with wider bandwidth should be inscribed, whereupon wider wavelength spacing should be selected to avoid crosstalk between adjacent pass bands. As a result, multiplexing capacity decreases, which is just the aforementioned tradeoff.
Furthermore, we also implement the experiment of fiber fault monitoring. As mentioned above, a breakpoint testing window of 300 GHz bandwidth is reserved to guarantee sufficient optical power. And a protective wavelength spacing of 300 GHz bandwidth is adopted to eliminate the crosstalk between the sensing window and the breakpoint testing window. Three breakpoints of B1, B2, and B3 are selected to be tested, respectively. Corresponding cross-correlation spectra are plotted in Fig. 7 , and normal operation spectrum without breakpoint is also depicted as a reference. The fiber breakpoint peaks can be clearly discriminated due to their different positions from each sensing CFBGs. Meanwhile, each peak precisely pinpoints the breakpoint of 
Conclusion
In summary, we propose a CFBG based quasi-distributed strain sensing system using spectrumlimited chaos. CFBG intensity demodulation is achieved through the utilization of OBPF, which is programmed in accordance with the spectra of sensing CFBGs. Meanwhile, by applying a cross-correlation algorithm to the reference and probe chaotic signal, both the strain measurement and the precise locating of each sensing CFBG can be obtained. An experiment with three CFBGs is conducted to demonstrate the proposed strain sensing system. This scheme possesses a precise spatial resolution of 3.3 cm, and the intensity demodulation of CFBGs improves the strain sensitivity to 0.12% RAC="". The function of fiber fault monitoring is also tested, which will improve the survivability in practical applications. Furthermore, the capacity of this sensing scheme could be expanded through applying diverse multiplexing techniques for more extensive applications.
